Current methods of recording multiple-frame images at short time scales are limited by electro-optic tube physics and radiometry. A new all-optical methodology has been developed for the capture of a high number of quasi-continuous effective frames of 2-D data at very short time scales (from less than 10 -12 to more than 10 -8 seconds), with improvement over existing framing camera technology in terms of short recording windows and effective number of frames. The methodology combines active illumination in which wavelength is dependent upon time and spatial position to encode temporal phenomena onto wavelength; a hyperchromatic lens to map wavelength onto axial position, and a recording technology, such as holography or plenoptic imaging, to capture the resultant focal stack in both spatial (imaging) and longitudinal (temporal) axes. The novel hyperchromatic lens we designed incorporates a combination of diffractive and refractive components to maximally separate focal position as a function of wavelength, resulting in a 45 mm focal stack with nearly constant magnification for just 5 nm of illumination bandwidth. The fabricated lens assembly was qualified as meeting design requirements and images with the expected magnification at nearly the diffraction limit across the spectral range. This paper will focus on hyperchromatic lens design.
INTRODUCTION
A number of methodologies are currently available for capturing optical phenomena at ultra-short time scales (less than 1 ns), but they suffer from a number of limitations. The temporal resolution of framing cameras employing electro-optic tubes is limited by tube physics, in the case of single-tube imaging, and radiometry, in the case of multiple-path configurations utilizing either tubes or microchannel plates. The temporal resolution of electro-optic streak cameras can be substantially higher, but with the loss of an entire dimension of data. Recent innovations using different phenomena offer recording at substantially shorter time scales. Three examples of these are: Time-resolved imaging of non-repeating events with a MHz frame rate, using a broad-spectrum illumination source and dispersive optics, has been demonstrated by Goda et al.; 1 time-resolved imaging of repeating phenomena with picosecond resolution, using an ultra-fast streak camera in a time-of-flight configuration, has been demonstrated by Velten et al.. 2 The viability of a methodology for recording a pair of frames with 50 fs spacing has been demonstrated by Günther et al.. 3 We are unaware of any method for obtaining multiple-frame two-dimensional (2-D) optical information at better than nanosecond time scales.
An all-optical recording methodology, i.e., one that does not require conversion of signal photons to electrons, would not be subject to the restrictions imposed by electro-optic tube physics and could demonstrate improved performance by several metrics: system efficiency, total recording time, and effective number of frames. However, phenomena that allow for fast manipulation of optical signals, such as the electro-optic Kerr and Pockels effects, while approaching nanosecond speeds, are insufficiently sensitive and cannot be utilized to produce a high number of frames. National Security Technologies, LLC (NSTec), engaged in an internal research and development project funded by the Site-Directed Research and Development (SDRD) Program to investigate a novel all-optical methodology for the capture of a high number of quasi-continuous effective frames of 2-D data at very short time scales (from less than 10 -12 to more than 10 -8 seconds), with potential improvement over existing technologies in terms of short recording windows and number of frames, for specific application in light-matter interaction studies and potential application in focused studies of dynamic materials. This methodology combines (1) a chirped laser pulse to encode temporal phenomena onto wavelength; (2) a strong hyperchromatic lens to create a focal stack mapping wavelength onto axial position; and (3) a three-dimensional (3-D) recording technology to capture the resultant focal stack with axial position information in toto, expected to be a plenoptic camera or a hologram (digital or film). The lens and recording mechanism are here envisioned as, over the length of the recorded phenomena, agnostic to time, as the temporal characteristics are dependent only on the illumination source. The overall methodology is illustrated in Fig.1 . We iteratively defined requirements for the illumination characteristics and recording system specifications, and designed the hyperchromatic lens. Development on the illumination source and recording mechanism are underway, as are verification experiments, and so will only be described briefly. This paper will focus on the requirements, design, manufacture, and qualification of the hyperchromatic lens. 
DESIGN CONSIDERATIONS
The three components of the proposed technology (chirped laser, lens, and recording system) followed three separate parallel paths of inquiry: (1) investigation into the availability of laser sources with appropriate center wavelengths, spectral shape and width, and dispersed length; (2) design of a hyperchromatic lens with maximal dependence of axial focal position on wavelength and an appropriate design wavelength and minimal spectral width; and (3) investigation into recording methods. Each of these three paths were expected to inform the others; e.g., material and manufacturing constraints on optical elements might inform the search for existing lasers or new laser development; and the specifics of the recording mechanism and optical transmission in the lens elements would be expected to place a threshold on total pulse energy.
Optical systems in which wavelength is correlated with distance have found their way into several niche areas, including confocal microscopy 4,5 and topography. 6 However, published work in the area of hyperchromatic lenses has tended to employ fairly simple optical designs and, for our purposes, low longitudinal chromatic aberration. As such, we expected a final design of substantially higher complexity.
Initial design requirements included a field of view of less than 5 mm, under the assumption that magnifying achromatic optics could be used to relay an image of an actual phenomenon of interest to the object plane of the hyperchromat. We expected a magnification of between 5x and 10x, to enable higher longitudinal chromatic dispersion while maintaining a reasonable final image size. Early designs employed only high material dispersion present in specialty glasses used to make refractive components, and converged on multiple-element telephoto-type configurations. The greatest achieved longitudinal chromatic aberration using this approach was approximately 250 μm/nm, requiring 40 nm of incident illumination spectrum to achieve 10 mm of shift in the back focal plane with diffraction-limited imaging performance. We did not consider this approach viable for two reasons: (1) although femtosecond lasers can exhibit greater than 10 nm of bandwidth, requiring 40 nm would greatly restrict the uses of the system; (2) although 10 mm of longitudinal chromatic aberration is significant in most imaging applications, we deemed it too small for any recording mechanism to resolve more than two images in the resultant focal stack.
As such, we abandoned the design approach using only refractive dispersion in favor of an approach incorporating diffractive dispersion. Hybrid hyperchromatic optical systems, incorporating both diffractive and refractive components, can be designed to optimize both absolute longitudinal chromatic aberration and the linearity of such aberration with wavelength, and to precisely tailor its spectral functionality. 7 Although custom diffractive elements can be tailored to induce arbitrary wavefronts, they are limited to relatively low power by manufacturing and material constraints, and so require additional refractive components. Throughout the design process, communications with Apollo Optical Systems of West Henrietta, New York, resulted in iterative changes to produce a hybrid diffractive design within manufacturability constraints.
As diffractive elements have significantly higher characteristic dispersion than even the highest dispersion glasses, we expected a hybrid design to offer potentially greater optical performance and dispersion than achievable in purely refractive designs. As such, we limited designs to no more than 20 nm of bandwidth, with a desired bandwidth limit of less than 10 nm. The design was limited to visible wavelengths, in part to include lightfield recording technology as a viable method for recording resultant focal stacks, and also to allow for greater flexibility when using refractive indexbased dispersion in tailoring the longitudinal chromatic aberration. Additional design goals included a high degree of linearity in the dispersion curve about the center design wavelength and constant magnification throughout the focal stack. At the initiation of the hybrid design process, there were no hard requirements in place, as the other links in the methodological chain were also under development, and because there was no specific intended application. Initial and developed requirements are summarized in Table 1 . 
OPTICAL AND MECHANICAL DESIGN
In a hybrid hyperchromat, the magnitude of the chromatic aberration is primarily driven by the power of the diffractive element. Discussions with Apollo Optical Systems on manufacturability, cost, and schedule resulted in splitting a single diffractive element into two identical elements fabricated from acrylic plastic; these do not incorporate surfaces with refractive power. The performance of this pair was optimized by minimizing the angle of rays incident on both surfaces, a constraint met in the final design by placing them symmetrically about the aperture stop with equal angles on entering and exiting rays. A feature of custom diffractive element here is worthy of note: experienced lens designers recognize certain features in an early design that can indicate directions for improvement: negative lens spacings, for example, or "inside-out" lenses. Additionally, the difficulty of manufacturing a surface, be it a sphere or an asphere, depends in part on the gradient of the surface, and this gradient is readily apparent when looking at a ray-trace diagram. The difficulty of manufacturing custom diffractive surfaces is, due to diamond-turning manufacturing processes, more strongly dependent on the derivative of the induced phase, but this phase may not be apparent from what is readily available in an optical model. Given that the optical power achievable in a custom diffractive element is much more limited in magnitude than that in a refractive element, and that the gradient is harder to notice, a great deal of care needs to be taken in the design process, with iterative consulting with a fabricator or engineer familiar with fabrication limitations.
The final system design resulted in a peak longitudinal chromatic aberration of nearly 9 mm/nm, more than 30 times higher than that achievable with glass dispersion alone, and a high degree of linearity at the peak. This very high number meant that the system only requires 5 nm of input illumination bandwidth, significantly better than the threshold value. As a point of reference, the optical system will image an object over the entire visible spectrum over more than 1.5 meters of longitudinal distance. The dispersion curve for the final system, engineered to provide maximum and nearflat dispersion at 532 nm, is shown in Fig.2 . The final optical design is shown in Fig. 3 .
This lens system was initially designed for a 515 nm center wavelength, as this wavelength may be readily obtained in short-pulse lasers incorporating ytterbium dopants, and is sufficiently far from the 532 nm light already employed in high-speed optical systems, such as velocimetry. However, investigations into potential laser sources and potential experiments (as will be discussed below) led to a final design at 532 nm. Given that no other parameters needed to change, the change in design wavelength was obtained by changing lens spacings. As with the all-refractive design, the combination of best optical performance with both magnitude and linearity of longitudinal chromatic aberration was obtained through a telephoto-type lens configuration. The final design consists of a first set of optical elements with total positive power, a second set of elements with total negative power, and a final single lens with positive power; the resulting magnification is -7.5 and constant over a bandwidth of 5 nm. This relatively high magnification is necessary for the large chromatic effect, but reduces the image-side ray bundles to approximately f/26. The positive set of elements incorporates the two diffractive elements, each of which has a clear aperture of 25 mm and a focal distance of 106.4 mm, as well as the system aperture stop. It should be noted that although the system contains nine discrete optical elements, three of them have virtually no power. These three identical elements (the second, fifth, and eighth elements from the left in Fig. 3) , as well as the remaining four non-diffractive elements, are menisci that serve to balance chromatic and non-chromatic aberrations induced by the diffractive components and to optimize imaging performance across the illumination spectrum. The diffractive elements are optimized for efficiency at the +1 order, and light in other orders diverges so as not to produce ghost data.
As designed, the lens provides near-diffraction-limited imaging at 532 nm, with a maximum optical resolution of approximately between 54 and 60 line-pairs per mm (lp/mm) at 20% contrast across the 5 nm bandwidth (MTF curves shown superimposed in Fig. 4) . A tolerancing analysis for manufacturing resulted in an expected maximum resolution of greater than 35 lp/mm. The refractive components were toleranced with qualification testing as per standard practice. The diffraction elements, however, could not be toleranced this way, nor measured in the fabrication shop using standard techniques. Instead, each element was qualified as: power by best focus at a given distance and given wavelength, and decentration by an acceptable range for optical runout at a distance of a meter.
The optomechanical design for the hyperchromatic lens housing is straightforward. The lenses are held in place using retaining rings and split rings. 8 We find that threaded retaining rings have a tendency to move lenses away from center, and split rings are employed on elements with the tightest decentration tolerances. The split rings themselves are toleranced so that their outside diameter is exactly equal to the housing bore. The lenses were centered using centering pins, and RTV buttons were injected into the glue ports to keep the centration fixed. We find that this technique preserves centration, and is reasonably shock tolerant. The optomechanical design and error budget needed to account for the fact that the diffractive optical element does not have a curved (i.e., powered) surface that could help center the lens. Thus the centration tolerance of the diffractive pattern on the flat surface needed to be properly specified with respect to the outside diameter. The optical and optomechanical designs were rigorously toleranced; as such, mechanical tolerances proved sufficient to ensure diffraction-limited performance for the lens system. For critical surfaces, these tolerances were 0.05 mm of runout and ±0.05 mm of axial position. Special care was taken to maintain sharp corners with minimal deburring for edges critical for centration and axial positioning.
It was not known a priori how much light would be diffracted in non-useful orders, so certain surfaces had lightabsorbing threads machined into the metal. The thread type was a standard 20 pitch thread; however, the drawing callout had the proviso "sharp V thread form (no flat), minimal deburr" to minimize potential reflection and scattering from the truncated crests of standard thread forms. We have not noticed significant stray light problems in the images.
The diffractive components for assembly were ordered from Apollo Optical Systems, and the refractive components from Optimax Systems, Inc., of Ontario, New York. The optomechanical housing for the components was ordered from Zero Hour Parts of Ann Arbor, Michigan. The lenses and housing were assembled at NSTec Los Alamos Operations. The final assembly was characterized for imaging performance and longitudinal chromatic aberration using a resolution pattern and multiple illumination sources: an incandescent source, both by itself and with multiple narrow-band filters, and lasers at multiple wavelengths. The system appears capable of imaging at better than the toleranced-for resolution. The positions of the various image planes corresponding to multiple wavelengths matched those expected from the design, so the lens may be also qualified as meeting the designed longitudinal chromatic aberration. 
ILLUMINATION AND RECORDING CONSIDERATIONS
The described diagnostic technology of which the hyperchromatic lens is a part was initially conceived of as complementary to existing diagnostic techniques used on, and at time scales relevant to, experiments in shock studies and dynamic materials (broadly, 1 ns-1 μs). As the hyperchromatic lens and recording medium are agnostic to the dimension of time, recording length is determined entirely by the temporal characteristics of the illumination source. An investigation into potential sources led us to conclude that no laser sources that would meet both optical needs and logistical needs (moderately portable and stand-alone) are commercially available, although multiple viable paths that include some development, both in-house and outsourced, are being pursued. However, demonstration does not require logistical requirements in place for actual fielding to be met. As such, demonstration is currently being pursued on ultrashort laser platforms at the University of Texas at Austin. Laser beams at these facilities can be split into pump/probe configurations, such that the pump beam can be timed and used to generate dynamic material phenomena, while the probe beam may be independently timed, stretched, and frequency-doubled if needed, for diagnostic use. Fielding a diagnostic based on the described methodology on an experiment using a probe beam to investigate phenomena generated by a pump pulse would partially validate the proposed methodology, while offering data of interest to materials researchers. As mentioned above, system timing is determined by the illumination signal alone. For an experiment involving phenomena generated by sub-picosecond pulses, a pump that is stretched to multiple picoseconds is expected to exhibit a clean chirp, i.e., a pulse in which a single wavelength is only present at a given instant, providing data that are temporally non-convolved; as both pump and probe are split from the same beam line, jitter can be avoided with careful alignment.
When this research project began, we saw digital holography as the most likely 3-D recording method. However, we expected that using holography would add additional, undesirable, constraints on experimental design and require development of a reconstruction algorithm. At the same time, plenoptic (or light-field) cameras were becoming commercially available. Plenoptic cameras employ image-plane lenslet arrays and oversampling to measure light as intensities and direction vectors, rather than merely intensity. Therefore, they may be able to produce, with modification of reconstruction algorithms, digital refocus of discrete image planes from within the focal stack, digital determination of the longitudinal position of discrete planes, and the creation of movies of recorded phenomena. Experimental attempts to record focal stacks using an off-the-shelf plenoptic camera from Raytrix GmbH, of Kiel, Germany, led to a collaborative effort to produce a camera configuration and reconstruction algorithm tailored to the unusual requirements posed by the focal stack as produced by the hyperchromat. Two notes may be made here. We expect a viable system (laser, lens, and plenoptic camera) to act as a partial edge filter; given the high f-number (f/26), low-frequency data in any image plane will still be imaged at nearby planes, whereas high-frequency data in a given plane will be unique to that plane. Also, we expect a demonstrated and viable system to produce a minimum of nine, but not more than fifty, effective frames.
CONCLUSION
Traditional and state-of-the art technologies for capturing time-resolved 2-D data of non-repeating dynamic fast or ultrafast events present experimental limitations in radiometry, recording time, and/or number of images to warrant development of alternatives. We have proposed a methodology incorporating optical illumination in which wavelength is dependent on time, a hyperchromatic lens that images information at different wavelengths at longitudinally separated focal planes, and a 3-D optical recording methodology. An optical design effort resulted in a design for a hyperchromatic lens with longitudinal chromatic aberration capable of displacing image planes by 9 mm/nm of incident illumination with near-diffraction-limited imaging performance. Fabrication and assembly produced a first article hyperchromat that exceeded post-tolerancing expectations. The work described is ongoing, and we expect to produce partial experimental validation results and a capable reconstruction algorithm in the near future.
